The powerful narrow jets observed to emanate from many compact accreting objects may arise from the twisting of a magnetic field threading a differentially rotating accretion disk that acts to extract magnetically the angular momentum and energy from the disk. Two main regimes have been discussed, hydromagnetic outflows, which have a significant mass flux and which have the energy and angular momentum carried by both the matter and the electromagnetic field, and Poynting outflows, in which the mass flux is negligible and the energy and angular momentum are carried predominantly by the electromagnetic field. Recent simulation studies have focused almost exclusively on hydromagnetic outflows. Here we consider a Keplerian disk initially threaded by a dipolelike poloidal magnetic field. We present the first MHD simulation results establishing that a quasi-stationary collimated Poynting jet arises from the inner part of the disk while a steady uncollimated hydromagnetic outflow arises in the outer part of the disk.
INTRODUCTION
Powerful, highly collimated, oppositely directed jets are observed in active galaxies and quasars (see, e.g., Bridle & Eilek 1984) , and in old compact stars in binaries (Mirabel & Rodríguez 1994; Eikenberry et al. 1998 ). Furthermore, emissionline jets are seen in young stellar objects (Mundt 1985; Bührke, Mundt, & Ray 1988) . Different ideas and models have been put forward to explain astrophysical jets (see reviews by Begelman, Blandford, & Rees 1984 , Bisnovatyi-Kogan 1993 ).
An ordered magnetic field is widely thought to have an essential role in jet formation from a rotating accretion disk. Two main regimes have been considered in theoretical models, the hydromagnetic regime, in which the energy and angular momentum are carried by both the electromagnetic field and the kinetic flux of matter, and the Poynting regime, in which the energy and angular momentum outflows from the disk are carried predominantly by the electromagnetic field. The hydromagnetic outflows arise when the inclination of an ordered magnetic field away from the z-axis v at the disk surface is larger than ∼30Њ; under this condition, the centrifugal force along a field line extending out of a Keplerian disk can be of the order of the gravitational force that results in the easy outflow of matter from the disk surface (Blandford & Payne 1982) . On the other hand, when , matter outflow from v ! 30Њ the disk may be strongly suppressed by the vertical gravitational force, and a Poynting jet can occur (Lovelace 1976; Blandford 1976) . The jets from young stellar objects have large mass outflow rates that may be understood in terms of hydromagnetic outflows (Pudritz & Norman 1986; Königl & Ruden 1993) . On the other hand, extragalactic jets and the jets from microquasars can be interpreted in terms of Poynting jets (Blandford 1993; Lovelace et al. 1999) .
Recent progress in understanding the origin of hydromagnetic jets has come from MHD simulations of outflows from disks (Bell 1994; Ustyugova et al. 1995 Ustyugova et al. , 1999 Koldoba et al. 1995; Romanova et al. , 1998 Meier et al. 1997; Ouyed & Pudritz 1997; Krasnopolsky, Li, & Blandford 1999; Koide et al. 2000) . Stationary Poynting flux-dominated outflows were found by Romanova et al. (1998) in a study of the opening of magnetic loops threading a Keplerian disk. Theoretical studies have developed detailed models for Poynting jets from accretion disks (Lovelace, Wang, & Sulkanen 1987; Colgate & Li 2000; Lynden-Bell 1996; Levinson 1998 ; H. Li, R. V. E. Lovelace, J. M. Finn, & S. A. Colgate 2000, in preparation) .
The goal of this Letter is to investigate the Poynting jets numerically. We envision that the inner part of the disk is threaded by a magnetic field loop configuration that extends into a high-temperature disk corona. The differential rotation of the loop footpoints on the disk causes the loop to expand and open, thus creating a new field structure (Newman, Newman, & Lovelace 1992) and Poynting outflows (Romanova et al. 1998) . The timescale for opening of the loop is of the order of the disk rotation period, which is much shorter than both the accretion timescale and the timescale for radial slippage of field lines in the disk (Lovelace, Newman, & Romanova 1997) . Compared with Romanova et al. (1998) , we consider a dipolelike magnetic field threading the disk and a much larger computational region that allows us to study the outflow collimation. We find that a quasi-stationary collimated Poynting jet arises from the inner part of the disk and that a steady uncollimated hydromagnetic outflow arises from the outer disk. In § 2 we describe the simulations, in §3 the results, and in §4 we discuss the results.
MHD SIMULATIONS
We solve the full system of MHD equations for axisymmetric, nonrelativistic, ideal magnetohydrodynamic flows, including all three components of the flow velocity and magv netic field B and the gravitational acceleration of the central object (see, e.g., Ustyugova et al. 1999) . The plasma equation of state is with . The disk is treated as g p p const r gp 5/3 a boundary condition, as first proposed by Ustyugova et al. (1995) .
The magnetic field is , witĥˆB , and , where . The
p const lines label the poloidal field lines; i.e., W(r, z)
. The magnetic flux through a hor-
The initial magnetic field threading the disk and extending into the disk's corona is assumed to have a dipole-like form, as shown in the bottom left-hand panel of Figure 1 . Such a field can arise from a disk dynamo that is driven by star-disk collisions, as discussed by V. Pariev, J. M. Finn, & S. A. Colgate (2000, in preparation) , or it can arise from an interstellar magnetic field that is advected inward by the accretion flow. On the surface of the disk, we take # 3/2 W(r, z p 0) p (3/2) , where is the radius of the O- Ѩ /Ѩr Ϫ (1/r)Ѩ/Ѩr ϩ Ѩ /Ѩz with boundary conditions as given and Initially, the corona of the disk is in isothermal equilibrium without rotation. At , the disk starts to rotate with a t p 0 Keplerian velocity , where On the disk surface, we adopt a modification of the boundary conditions of Ustyugova et al. (1999) . Two of the boundary conditions are the result of the tangential electric field in (E ) t the frame rotating with the disk (at the Keplerian velocity) equaling zero; at the disk surface is time-independent, B z whereas and at the surface vary with time. have five boundary conditions. On the outer boundaries, we take the "free" boundary conditions on all scalar variables, except for the to-ѨF /Ѩn p 0 j roidal magnetic field. For this field component, we take 4 The statement in the first paragraph of § 3.3 of Romanova et al. (1998) that the poloidal components of the magnetic field at the disk surface are fixed is a misstatement. The correct statement is that the com- by Ustyugova et al. (1999) to avoid artificial collimation that can come from using the "free" boundary condition on . rB f These conditions allow the matter and the Poynting flux to flow out freely through these boundaries.
RESULTS
For the case we discuss in detail, the strength of the poloidal magnetic field at the inner radius of the disk corresponds to and , where Figure 1 shows the temporal evolution-from the bottom to the top-of the initial dipole-like field. The differential rotation of the disk acts to twist the magnetic field, and this "pumps" the toroidal magnetic flux and energy into the disk corona, and the field loops "inflate." This behavior of the magnetic field loops on the surface of the Sun, which is the result of footpoint twisting, is well known from the works of Aly (1984) and Sturrock (1991) on force-free magnetic fields. A plot of the forces along a field line that originates in the inner part of the disk and goes into the Poynting jet shows that the pressure force is dominant for distances Շr 0 from the disk, while at larger distances, the magnetic force is dominant.
For long times , the corona evolves into a quasit տ t out stationary configuration consisting of (1) an axial-collimated Poynting jet, with a steady outflow of energy and of toroidal flux originating from the disk field lines within the O-point, and (2) a steady fan-shaped, matter-dominated outflow originating from the disk field lines outside the O-point. At the outer boundaries, the flow velocities are larger than the escape speed; the flow velocity of the Poynting jet is less than the Alfvén speed, while that of the hydromagnetic outflow is greater than the Alfvén speed. We have verified that the flow and field configurations found here are independent of the location of the outer boundaries by calculations with larger . The angle between the poloidal field and the z-axis v is less than 30Њ over most of the inner disk ( ) surface. At the same r ! r 0 time, the toroidal field of the jet acts to anticollimate or "squash" the outflow from the outer disk ( ) onto the disk surface, r 1 r 0 and over most of this range of r. v 1 60Њ Quasi-stationary Poynting jets from the two sides of the disk within give an energy outflow per unit radius of the disk r 0 , where the subscript h indicates thė dE /dr p rv (ϪB B ) 
